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We have performed a systematic doping dependent study of La2−xSrxCuO4 (LSCO) (0.03≤
x ≤0.3) by angle-resolved photoemission spectroscopy. In the entire doping range, the underly-
ing “Fermi surface” determined from the low energy spectral weight approximately satisfies Lut-
tinger’s theorem, even down to the lightly-doped region. This is in strong contrast to the result
on Ca2−xNaxCuO2Cl2 (Na-CCOC), which shows a strong deviation from Luttinger’s theorem. The
differences between LSCO and Na-CCOC are correlated with the different behaviors of the chemical
potential shift and spectral weight transfer induced by hole doping.
PACS numbers: 74.25.Jb, 71.18.+y, 74.72.Dn, 79.60.-i
The pseudo-gap behavior in the underdoped high-Tc
cuprates has attracted significant attention and is one of
the most challenging problems in strongly correlated sys-
tems. As a result of pseudo-gap opening around k=(pi,0),
which is observed by angle-resolved photoemission spec-
troscopy (ARPES) studies of underdoped cuprates [1],
the electronic specific heat γ [2, 3, 4] and the Pauli para-
magnetic susceptibility χs [4] decrease with decreasing
hole concentration x. Such unconventional behaviors in
the underdoped cuprates are thought to be a remark-
able example of strong deviation from the normal Fermi
liquid. However, it is still unclear whether they can be
understood starting from a Fermi liquid or should be un-
derstood from a fundamentally new kind of ground state.
Theoretically, two pictures in the underdoped
cuprates, namely, a large Fermi surface centered at (pi, pi)
or a small Fermi surface centered at (pi/2, pi/2) have
been considered. In theories starting from the Fermi liq-
uid influenced by strong antiferromagnetic fluctuations,
the large Fermi surface has been obtained [5]. Uniform
resonant-valence-bond (RVB) states [6], cellular dynam-
ical mean field theory (CDMFT) [7], etc., also predict
the large Fermi surface. On the other hand, flux RVB
and other kinds of exotic symmetry breaking [8, 9] lead
to the small Fermi surface. In the Fermi-liquid theory,
the carrier number is given by the Fermi surface volume
(Luttinger’s theorem). However, even for the large Fermi
surface, most of numerical calculations on the Hubbard
and t-J models have predicted noticeable deviation from
Luttinger’s theorem in the underdoped region that the
occupied area of the Fermi surface becomes significantly
larger than that expected from the hole concentration
[10, 11, 12]. Since the Fermi surface and its Luttinger’s
theorem are at the center of the Fermi-liquid concept,
systematic experimental studies of the Fermi surface and
its volume change as a function of hole doping should be
crucial for understanding the ground state of the pseudo
gap state in the cuprates.
Recent ARPES studies on lightly-doped cuprates [13,
14] have shown that the Fermi surface is basically
large and that, while the (pi,0) region remains (pseudo)
gapped, a quasi-particle (QP) band is formed and crosses
the Fermi level (EF ) in the nodal (0,0)-(pi,pi) direction,
leading to the picture that only part of the Fermi surface
survives as an “arc” around the node. The QP crossing
in lightly-doped LSCO and moderately lightly-doped Na-
CCOC is certainly responsible for their metallic behavior
[15]. The volume of the “Fermi surface” (which is defined
under this Fermi-arc/pseudo-gap situation) in Na-CCOC
was found to strongly deviate from Luttinger’s theorem
as the doping approaches zero [14], consistent with the
theoretical predictions [10, 11, 12].
In the present study, the doping evolution of the un-
conventional electronic structure of LSCO with the Fermi
arc and the pseudogap have been systematically studied
by ARPES in the entire doping range. We have revealed
the evolution of the “Fermi surface” with hole doping
and found that the Fermi surface area almost fulfills Lut-
tinger’s theorem in the entire doping range even down to
x ∼ 0.03, namely, down to the “spin-glass” region. This
is in strong contrast with Na-CCOC [14]. We shall dis-
cuss phenomenological as well as microscopic origins of
the differences between the two systems.
The ARPES measurements were carried out at
BL10.0.1 of Advanced Light Source, using incident pho-
tons of 55.5 eV. We used a SCIENTA SES-2002 analyzer
with the total energy resolution of 20 meV and the mo-
mentum resolutions of 0.02pi in units of 1/a, where a=3.8
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FIG. 1: (Color online) ARPES spectra of La1.97Sr0.03CuO4.
(a) Intensity plot in E-k space (left) and MDC’s (right) for
the nodal cut (inset). (b) Intensity plot in E-k space (left)
and MDC’s (right) for the anti-nodal cut near (pi,0) (inset).
Red dots represent the peak positions in MDC’s. Even in
the pseudogap region near (pi,0), one can determine kF by
extrapolating the MDC peaks to EF .
A˚ is the lattice constant. High-quality single crystals of
LSCO were grown by the traveling-solvent floating-zone
method. The critical temperature (Tc) of x = 0.07, 0.15
and 0.22 samples were 14, 41 and 22 K, respectively, and
x = 0.03 and 0.30 samples were non-superconducting.
The samples were cleaved in situ and measurements were
performed at 20 K as in the previous studies [16]. In the
present measurements, the electric vector E of the in-
cident photons lies within the CuO2 plane, 45 degrees
rotated from the Cu-O direction and is parallel to the
Fermi surface segment around the diagonal region. This
measurement geometry enhances dipole matrix elements
in this k region because the wave function has x2 − y2
symmetry [16].
Figure 1 shows ARPES results for LSCO (x=0.03),
illustrating how the “Fermi surface crossing” in the
pseudo-gap state can be determined from the momen-
tum distribution curves (MDC’s). In the nodal direction
[(a)], where there is no gap, the underlying Fermi surface
is easily determined by the MDC peak position at EF .
Near the (pi,0) point [(b)], on the other hand, the spec-
tral weight is strongly suppressed due to the pseudo-gap
formation. However, as shown in panel (b), one can de-
termine kF by extrapolating the MDC peaks up to EF
even when the spectral weight is suppressed toward EF .
Hereafter, we refer to the Fermi surface thus determined
in the pseudo-gap state as the “underlying” Fermi sur-
face. This underlying Fermi surface is consistent with the
strong temperature dependence of Hall coefficient RH
[17, 18] if the low-energy spectral weight around (pi,0)
does not contribute to charge transport at low tempera-
tures but does at high temperatures [18].
Accordingly, we have determined the (underlying)
Fermi surfaces for the entire doping range as shown in
Fig. 2. Here, red dots in the momentum space indi-
cate the kF position of the (underlying) Fermi surface
determined using MDC’s. Spectral weight at EF is also
mapped in color plot. While the optimum and overdoped
samples (x ≥0.15) show strong intensities throughout the
entire Fermi surface, the underdoped samples (x ≤0.1)
show weak or suppressed spectral weight around (pi,0),
i.e., a “truncated” Fermi surface or a Fermi “arc” due
to the pseudo-gap formation around (pi,0). With the kF
points in the first and second Brillouin zone (BZ) as well
as the shadow band in the first BZ [19], we could pre-
cisely determine the absolute momentum position of the
Fermi surface for the entire doping range. From the E-
k space ARPES intensity plots shown in Fig. 3, one
can clearly see the doping dependence of the pseudogap
opening around (pi,0). Although the spectral intensity at
EF around (pi,0) becomes weak for x ≤ 0.15 because
of the pseudo-gap or superconducting gap opening, it
is possible to identify the underlying band dispersions
from the MDC peak positions (red dots) as described
above. Thus, one can determine the kF around (pi,0)
even near the crossover from the hole-like Fermi surface
to the electron-like Fermi surface.
The kF ’s determined in Figs. 2 have been fitted to
the single-band tight-binding (TB) model εk = ε0 −
2t(cos kxa+cos kya)−4t
′ cos kxa coskya−2t
′′(cos 2kxa+
cos 2kya), as shown by blue curves. Here, t, t
′ and t′′
are the first, second and third nearest neighbor transfer
integrals between Cu sites. We have assumed constant
t = 0.25 eV and relationship −t′′/t′ = 1/2 for all the
doping levels, and regarded t′ and ε0 as adjustable pa-
rameters. The fitting results of the TB parameters, −t′/t
and ε0 are shown in each panel of Fig. 2. Although the
absolute values of t, t′ and t′′ are smaller than those de-
termined by the band structure calculation by a factor
of ∼ 0.5, the relative magnitude of the TB parameters
agree rather well with the band-structure calculation, e.
g. −t′/t ∼ 0.15 [20]. In the overdoped region, the entire
dispersion is almost perfectly fitted by the TB model,
although some misfit can be seen for the kink structure
due to phonons (particulary in the nodal kink) [21, 22]
and the extremely flat band dispersion around (pi,0) in
the underdoped region. Here, the best-fit TB parameters
−t′/t shown in Fig. 2 exhibit a clear doping dependence.
The increase of −t′/t with decreasing x can be explained
by the increase of the Cu-apical oxygen distance with
decreasing x [23] according to Ref.[20]. Also, it is consis-
tent with the CDMFT calculation [7] which indicates the
increasing correlation effects in the underdoped region.
Figure 4 (a) summarizes the experimental Fermi sur-
faces. The hole number deduced from the area of the
experimental Fermi surface, xFS , obtained assuming Lut-
tinger’s theorem is plotted in Fig. 4 (b) as a function of
x. It is remarkable that xFS approximately accords with
that predicted by Luttinger’s theorem (broken lines) in
the entire doping range. This result is in strong contrast
with the result on Na-CCOC [14], where the xFS shows
a strong deviation from Luttinger’s theorem in the un-
3FIG. 2: (Color) Spectral weight mapping in k-space at EF in La2−xSrxCuO4. Red dots indicate kF positions determined by
the MDC peaks at EF (see Fig.1). The blue curves show the Fermi surface interpolated by the tight-binding model.
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FIG. 3: (Color) Intensity plot in E-k space along symmetric lines (0,0)-(pi,0)-(pi, pi) in La2−xSrxCuO4. The direction and
length of the arrows in the inset correspond to the horizontal axis of the color plots. The blue lines show the tight-binding
interpolation. Red dots indicate MDC peaks.
derdoped region, as also shown in Fig. 4(b). [However, a
closer inspection reveals that there may be a slight devia-
tion from Luttinger’s theorem in the lightly doped LSCO
(x=0.03) in the same direction as Na-CCOC.]
In order to highlight the different shapes of the Fermi
surface between LSCO and Na-CCOC, we have also plot-
ted the doping dependence of the kF position in the
nodal direction in Fig. 4(c). Extrapolation of kF to
x=0 gives (pi/2,pi/2) for Na-CCOC, probably reflecting
the situation where the low energy excitation in the low-
doping limit comes from (the tail of) the top of the lower
Hubbard band (LHB), which has the band maximum at
(pi/2,pi/2), on the boundary of the antiferromagnetic BZ
[14, 24]. In contrast, the kF in LSCO for x=0.03 is still
away from (pi/2,pi/2). This would be related to the obser-
vation that the spectral weight at EF comes from the QP
peak which is well separated from the LHB [13]. While
the LHB in Na-CCOC approaches EF with hole doping
[24], that in LSCO stays away from EF [13] and the spec-
tral weight is transferred to the QP band near EF . This
contrasting behavior between LSCO and Na-CCOC is
closely related to the different chemical potential shifts,
that is, while photoemission spectra of Na-CCOC show
rigid shifts with hole doping [24], those of LSCO show
slow shifts reflecting the pinning of chemical potential at
in-gap states [25]. Although the large Fermi surface is
observed in Na-CCOC, the doping evolution of the elec-
tronic structure is somewhat similar to the small Fermi
surface picture in the sense that the chemical potential
appears to be shifted from the top of the LHB down-
ward. The large deviation from Luttinger’s theorem may
be reminiscent of the small Fermi surface behavior.
Recently, the LHB of underdoped La2CuO4 and
Ca2CuO2Cl2 have been interpreted as polaronic side
bands [24, 26]. Although this picture well explains the
LHB feature of the undoped samples, it is not straight-
forward to understand the different doping evolution be-
tween LSCO and Na-CCOC mentioned above. In the
polaron picture, the peak of the LHB is shifted toward
the EF with hole doping since electron-phonon coupling
is weakened by screening effects. However, the peak of
the LHB in LSCO stays at almost the same binding en-
ergy with hole doping. This suggests that in LSCO the
local charge density does not change with hole doping,
reminiscent of a phase separation between hole-poor and
hole-rich region. Indeed, the chemical potential pinning
observed for LSCO [25] is a natural consequence of a
mixture of different hole concentrations. According to
a recent theoretical study, a mixed phase of antiferro-
magnetic (AF) and superconducting (SC) states is pro-
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FIG. 4: (Color online) Doping dependence of the Fermi sur-
face in LSCO. (a) kF position for each doping determined by
MDC peaks at EF . (b) Doping dependence of the hole num-
ber xFS deduced from the Fermi surface area. Luttinger’s
theorem xFS = x is shown for comparison (broken lines). (c)
Doping dependence of the kF position in the node direction.
Data for Na-CCOC [14] are also plotted.
posed to explain the coexistence of the QP states and the
LHB in LSCO [27], and captures the characteristic two-
component behavior of the ARPES results of underdoped
LSCO [13, 28]. Also, it has been predicted that phase
separation between the insulating and metallic phases
occurs under a certain regime of electron-phonon cou-
pling strength [29]. Thus, observed spectral features for
LSCO are suggestive of phase separation picture. This
inference is collaborated by the transport evidence for
a phase separation in lightly-doped LSCO [30]. For a
phase-separated state, one would normally expect to ob-
serve two Fermi surfaces corresponding the two phases.
If the difference of the hole concentration between the
AF and SC phases is not so large or if there are temporal
fluctuations between the two phases, however, only the
average of the Fermi surfaces of the two phases would
be observed and would approximately fulfill Luttiger’s
theorem. Alternatively, the observed Fermi surface may
come only from the hole-rich region. If the occupied
area of the underlying Fermi surface becomes larger than
that expected from the hole concentration as theoreti-
cally predicted [10, 11, 12], this effect and the increase of
the hole concentration in the hole-rich region may cancel
each other and Luttinger’s theorem may be accidentally
fulfilled.
In summary, we have observed systematic changes of
the underlying Fermi surfaces in LSCO over a wide dop-
ing range. The area of the obtained underlying Fermi
surface approximately satisfies Luttinger’s theorem even
in the lightly-doped region. This behavior is contrasted
with that of Na-CCOC, which shows a clear deviation
from Luttinger’s theorem. Possible origins of the differ-
ence between LSCO and Na-CCOC have been discussed
in relation to the chemical potential pinning and the
phase separation in the underdoped LSCO.
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